We hypothesized that feed preference depends on the interplay between flavour and postingestive effects, and we tested two predictions based on this hypothesis: (1) lambs acquire preferences for poorly nutritious feeds paired with starch; and (2) preferences persist when starch is no longer administered. Twenty lambs were randomly allocated to two groups and conditioned as follows: on odd-numbered days, lambs in group 1 received onion-flavoured wheat straw and lambs in group 2 received oregano-flavoured wheat straw. On even-numbered days, the flavours were switched and starch (2-5-9.4% of the digestible energy received/d) was infused into the rumen of aU animals during straw consumption. Four periods of 8 d of conditioning were performed and on the 9th day of each period all animals were offered a choice between onion-and oregano-flavoured straw. After conditioning, starch administration was suspended and lambs were offered onion-and oreganoflavoured straw at weekly intervals for 8 weeks (extinction). Lambs strongly preferred the flavoured straw paired with starch, and this preference persisted during extinction. Thus, these results suggest that the postingestive effects of energy play an important role in the development of feed preferences of ruminants.
It is not completely understood why ruminants manifest preferences for feeds. On the one hand, preferences have been attributed to flavour, which provides hedonic sensations associated with eating (reviewed by G r o w , 1988). On the other hand, nutrients have been proposed as a reason for feed selection (Westoby, 1978) , and toxins as a reason for feed avoidance (Freeland 8z Janzen, 1974) . According to these hypotheses, flavour and the postingestive effects of nutrients and toxins are autonomous phenomena, and the former is usually considered to influence preference more than the latter. Nevertheless, the two phenomena may be related: postingestive feedback from nutrients and toxins may influence flavour preferences (Provenza, 1995a) .
The postingestive effects of energy cause non-ruminants to acquire preferences for non-nutritive flavours (Sclafani & Nissenbaum, 1988; Perez et al. 1995) , and the preferences persist when energy is no longer administered. Thus, animals apparently acquire a liking for flavours previously associated with energy (Mehiel, 1991; Sclafani, 1991) . The energy content of the feed may also be important in the development of preferences in ruminants because energy is vital for survival, growth, and productivity (Church, 1988) . For example, sheep prefer non-nutritive flavours paired with glucose to non-nutritive flavours paired with saccharin or water (Burritt & Provenza, 1992; Ralphs et al. 1995) . In these studies glucose provided 26-46 % of the total daily energy intake of the animals. Thus, it is not known if sheep form preferences for feeds containing little energy or if these preferences persist aRer conditioning. Accordingly, the objectives of the present study were to determine: (1) if lambs form a preference for a low-quality feed (wheat straw) consumed with intraruminal infusions of low amounts of starch, and (2) if the preference persists when feed ingestion is no longer paired with starch.
MATERIALS AND METHODS

Before conditioning
Twenty Rambouillet-Columbia-Finn-Targhee crossbred wethers weighing 26 (SEM 0.7) kg were randomly allocated to two groups (ten animals in each group) and penned individually at the Green Canyon Ecology Center, Utah State University, Logan, Utah. Before conditioning, and on even days, group 1 was offered oregano-flavoured straw (I& 20 mm particle size) and group 2 was offered onion-flavoured straw. On odd days straw was offered to all animals again but the flavours were switched: group 1 was given onionflavoured straw and group 2 was given oregano-flavoured straw. The straw was flavoured by mixing 20 g dned, ground onion (or oregano) powder (Pacific Foods, Washington, USA) with each kg wheat straw. Lambs were exposed to the flavoured straw fiom 08.00 to 12.00 hours, during 12 d. At 12.00 hours intake of the straw was recorded and lucerne (Medicago sativa) pellets were given.
Conditioning
On even days lambs in group 1 were offered oregano-flavoured straw and lambs in group 2 were offered onion-flavoured straw at 08.00 hours. Immediately after beginning to eat straw, lambs in both groups were given a starch suspension by oral intubation (treatment 1). The starch suspension was prepared using 250 ml tap water at room temperature. On odd days flavours were switched so that lambs in group 1 received onion-flavoured straw and lambs in group 2 received oregano-flavoured straw, but no starch suspension was given (treatment 2); instead only the tube used for the administration (on even days) was introduced for a few seconds in each lamb's throat immediately after it started eating. On all days refusals were collected and weighed at noon and lucerne pellets were offered. Eight days (four odd-and four even-numbered days) of conditioning formed one conditioning period.
Offering two distinctive flavours with or without starch controlled for possible flavour effects. The amount of straw offered on even days was equal to a lamb's intake of straw the previous day, which controlled for exposure to the flavoured straw. Lambs consumed 59 (SEM 4.3) g/d when flavoured straw was not paired with starch and 65 (SEM 4-3) g/d when flavoured straw was paired with starch. Switching flavours every other day and providing starch at the same time on the same day controlled for possible differences that the administration of energy might have induced in the rumen of different groups of animals.
Our objectives were to determine the effect of low doses of starch on flavour preference by lambs, and if preferences were acquired, to determine their persistence when starch was no longer administered (extinction). However, we did not know the minimum threshold for starch detection by sheep, so we began infusing low doses of starch and we gradually increased the amount of starch infused into sheep during conditioning. The level of starch was increased by 5 g every even day, beginning at 20 g and ending at 75 g. There were four periods of conditioning with starch: period 1 (20 to 35 8); period 2 (40 to 55 g); period 3 (60 to 75 g); and period 4 (75 g) ( Table 1 ). The amounts of starch administered Preference tests After each 8 d conditioning period, lambs received oregano-and onion-flavoured straw simultaneously for 20 min, and intake of each feed was measured.
Extinction tests
After completing the four conditioning periods, all lambs received lucerne pellets ad libitum every day. Once weekly for 8 weeks at 08.00 hours, lambs were offered oreganoand onion-flavoured straw for 20 min without administration of starch.
Ruminal determinations
An additional group of four lambs received the same diets and conditioning schedule described previously. Samples of rumen fluid were obtained through a stomach tube before and every hour for 3 h after starch was administered. The amount of starch administered was 0 g (corresponding to odd days), and the maximum amount administered during each conditioning period 35, 55, and 75 g (Table 1 ). Ruminal pH was measured and samples (18 ml) of rumen contents were mixed with 2 ml 6 M-HC~, centrifuged and prepared for volatile fatty acid (VFA) determinations (Wiedmeier et al. 1987) .
Statistical analyses
Feed intake during preference tests was analysed as a split-plot design with animals nested within groups. Group (1 or 2) was the between-subject factor; treatment received during conditioning (1 or 2) and period were the within-subject factors in the split-plot. Period was the repeated measure in the analysis. Values for pH and VFA were analysed in a split-plot design with lambs and amount of starch as the whole plot, and time of rumen fluid extraction as the sub-plot. J. J. VnLALBA AND F. D. PROVENZA
RESULTS
Before conditioning
During the 12 d adaptation period there were no differences in straw intake between groups (22 v. 26 g; SEM 3.9 g; P > 0.05), but lambs preferred oregano-to onion-flavoured straw (29 v. 20 g; SEM 3.9 g; P < 0.05) (Fig. 1) . Intake was low (24 (SEM 2.7) g) and variable throughout the adaptation period and some animals refused nearly all the straw. For example, for the last 4 d, seven animals ate < 5 g of straw (range 0-4 g).
Preference tests
Lambs strongly preferred the flavoured straw paired with starch (63 v. 17 g; SEM 5.1 g; P < 0-OOl), and reduced their preference for the other flavour, as indicated by a treatment x day interaction (P<O-OOl). This pattern was evident during the first conditioning period (P < O.OOl), and became more apparent throughout conditioning (Fig. 2) .
Onion-and oregano-flavoured straw were consumed in similar amounts during preference tests (44 v. 35 g respectively, SEM 5.1 g; P > 0.05). Preference for onionflavoured straw increased by 76 % (from 17 to 72 g/20 min; SEM 7.2 g; P < O.OOl), whereas preference for oregano-flavoured straw increased by 71 % (from 16 to 55 g/20 min; SEM 7.2 g; P < 0.001) when these flavours were associated with starch.
Extinction tests
Lambs preferred the flavours paired with starch even after starch was no longer administered (71 v. 21 g, SEM 6.3 g; P c 0-OOl), and intake of straw containing those flavours remained relatively constant throughout extinction tests (Fig. 3) . In contrast, as the levels of starch and amount of exposure increased during conditioning, so did lambs' preferences for the flavours associated with starch. The lack of further increase in preferences for flavours paired with starch during extinction (P > 0.05), despite increased exposure to the flavours during this period, suggests that the amount of energy affected preference more than did the duration of exposure during conditioning.
Lambs preferred onion to oregano during extinction tests (60 v. 32 g; SEM 8.8 g; P < 0.001). There was a slight increase in intake of the flavours not paired with starch near the end of the experiment (Fig. 3) , as reflected in a treatment x day interaction (P -= 0.001).
Ruminal determinations
Level of starch did not affect ruminal pH (P > 0.05) (Fig. 4) . VFA levels for days when starch was administered and when starch was not administered are shown in Table 2 . All levels of starch delivered increased the molar concentrations of acetic, propionic, and butyric acids (P -= 0.00 1) in comparison with 0 g starch administration (level corresponding to odd days) and there was a treatment x time interaction for all major VFA (P < 0.05). Valerate levels increased after 55 and 75 g starch compared with no starch administration (P < 0.05) and there was no treatment x time interaction (P > 0.05).
DISCUSSION
Before conditioning Straw intake was low (only 24 g in 4 h/d during 12 d) and variable during adaptation (Fig.  l) , but after only four pairings with starch (period l), intake increased to 66 g during 20 min. The increase in intake can be interpreted as an enhanced incentive or drive to eat flavoured straw due to its association with intraruminal infusions of a readily available source of energy (starch) during conditioning. Greenhalgh & Reid (1971) also found that sheep were reluctant to eat straw, but intake increased when grass hay (a more nutritious feedstuff) was put into the rumen as sheep ate the straw. In the present study, lambs ate straw readily following the delivery of starch into the m e n , and their intake increased immediately during the first period of conditioning. Thus, lack of nutrient feedback from the gut, and not ruminal limitations, apparently affected intake in both studies (Provema, 19953) .
Preference tests
Herbivores select diets containing required nutrients and avoid those that are non-nutritive or toxic (Provenza, 1995a) . The mechanism that probably underlies this nutritional wisdom is the ability of animals to learn through the post-ingestive consequences that nutrients and toxins elicit in the gastrointestinal tract and in the brain, such that preference for the taste of a feed is adjusted according to the feed's effects on the internal environment (Cabanac, 1971; Leibowitz, 1988; Gibson & Booth, 1989; Mehiel, 1991; Sclafani, 1991; Provenza, 1995a,b) .
This hypothesis has not been unanimously accepted, primarily due to a lack of any experimental analysis, and thus the ability of herbivores to acquire preferences for feeds based on post-ingestive effects of nutrients has been questioned (e.g. Coppock et al. 1974; Zahorik & Houpt, 1977) . Indeed, the ability of herbivores to learn preferences based on nutrient feedback is thought to be of less significance than their ability to develop aversions to toxins (Cassini, 1994) . This argument has grown from the misconception that ingesting needed nutrients is less critical than avoiding toxins. Nevertheless, sheep form strong preferences for non-nutritive flavours paired with glucose when glucose provides a high percentage (i.e. 26-46 %) of their daily energy intake (Burritt & Provenza, 1992; Ralphs et al. 1995) , and we have now demonstrated that sheep acquire preferences at much lower levels of energy (2.5-9-4 %). Furthermore, our results show that lambs formed strong preferences for flavours after as few as four pairings with small amounts (i.e. 35 g) of starch (Fig. 2) , and brief exposures to straw.
This implies that acquiring preferences for feeds that provide readily available energy is as important as developing aversions to toxic feeds. This should not be surprising given the importance of energy in feed intake (Baile, 1971; Baile & McLaughlin, 1979; And& Forbes, 1980; Anil et al. 1993 ). Considering the low and variable nutritional quality of the forages ruminants typically encounter, it would be surprising if they had not evolved flavour-feedback mechanisms capable of discriminating subtle differences in energy content of feeds.
Preference for particular nutrients depends on nutritional needs (Booth & Toase, 1983; Booth, 1985; Mook, 1988) . Preference increases when nutrients ameliorate needs, and decreases when they satiate needs (Provenza, 1995a,b) . In the present study lambs ingested only 80 % of their required DE, which may have enhanced their sensitivity to energy, and consequently strengthened the development of their feed preferences. Learned preferences for energy are strongest when rats are feed-deprived (Capaldi, 1990; Mehiel, 1991) . Conversely, eating to satiety can be mildly-to-strongly aversive depending on the concentration and rate of nutrient delivery into the gastrointestinal tract (Provenza, 1996a) . Thus, feed preferences are more likely to be conditioned when the concentration of nutrients and their rate of delivery are below satiety. In the present study starch provided less than 10 % of the DE consumed per day by lambs. Higher levels of nutrients may condition feed aversions. For example, high levels of propionate in the m e n or portal vein depress feed intake, apparently due to development of aversions (Farningham & Whyte, 1993; Ralphs et u1. 1995) .
Feed ingestion based on needs may also explain why lambs invariably eat a lowenergy feed after initially preferring one of higher quality . For instance, lambs consume lower levels of energy (starch) after receiving a high-energy diet (oat grain), whereas lambs that have ingested a meal high in protein (soyabean meal) prefer energy (Villalba & Provenza, unpublished results) . The previous ingestion of grain probably leads to an avoidance of the additional energy supplied by starch and to an opposite response when soyabean meal is ingested. Thus, lambs fed on a ration high in energy subsequently prefer feed lower in energy (and higher in protein); whereas those fed on a ration high in protein subsequently prefer feed higher in energy (Wang & Provenza, 1996) . Feed deprivation leads to the release of noradrenaline which stimulates appetite for carbohydrates in rats; consumption of carbohydrate-rich feeds by rats is then followed by a depression in noradrenaline release and an enhancement in serotonin production in the medial hypothalamus, which apparently promotes an avoidance of carbohydrates and a preference for protein (Wurtman & Wurtman, 1986; Leibowitz, 1988 ).
An alternative explanation for avoidance responses is that rapid increases in rumen osmolality (e.g. promoted by concentrate feeds) can lead to significant reductions in feed intake and preference, which would minimize further deviations from optimal rumen conditions (Cooper et al. 1995) . According to this theory, feed preferences are also more likely to develop when the supply of nutrients (e.g. in rate or dose) is below a threshold for promoting abrupt changes of osmolality in the m e n .
Extinction tests
Lambs continued to prefer the flavour paired with starch, even 2 months after they ceased to receive starch (Fig. 3) . Rats also retain learned preferences, even for bitter and sour tastes, that they initially avoid (Mehiel, 1991; Sclafani, 1991) . Collectively, these results suggest that readily available energy, as provided by starch, increases the hedonic value of flavoured feeds such that preferences persist, even after cessation of starch administration, and become resistant to extinction.
During adaptation animals preferred oreganoto onion-flavoured straw, but this pattern was reversed during the extinction tests. Phenolics (Kikuzaki & Nakatani, 1989) , glucopyranosides (Nakatani & Kikuzaki, 1987) and oils (Salmeron et al. 1990 ) in oregano may have caused aversive postingestive effects (Provenza, 19952) and thereby reduced preferences for the oregano-flavoured straw toward the end of the trial, particularly at flavour concentrations of 20 g/kg. The small amount of straw eaten during the adaptation period evidently was not enough to induce the detrimental effects on flavour preferences observed during extinction.
Ruminal determinations
Starch increased concentrations of VFA, which may be signals associated with the acquisition of flavour preferences. For instance, lambs prefer flavours paired with intraruminal infusions of sodium propionate (Villalba & Provenza, 1996) . Propionate and even acetate may control feed intake in ruminants ( A d & Forbes, 1980 ( A d & Forbes, , 1987 Anil et al. 1993) . Moreover, the effects of propionate, rather than its osmolality, may reduce intake (Farningham & Whyte, 1993) , and some workers speculate that there is a propionate receptor system in ruminants (Baile, 1971) . In support of this, we found that propionate and not osmolality caused the acquisition of flavour preferences in lambs (Villalba & Provenza, 1996) . CONCLUSIONS Our results establish that the post-ingestive effects of energy, even at low concentrations and few exposures, condition feed preferences that persist when energy pairing is terminated. Thus, the idea that animals are incapable of learning flavour preferences based on nutrient feedback is no longer tenable. Nutrient (energy) feedback from the gut should be viewed as an important factor affecting feed preferences in ruminants.
Some suggest that herbivores may be unable to relate a feed with beneficial postingestive consequences because they lack the sensory abilities to assess nutrient contents of different feeds (reviewed by Cassini, 1994) . The results of the present study argue against this proposition. Instead, our findings show that the post-ingestive effects of energy increased the hedonic value of a low-quality feed in a way that persisted during extinction.
Palatability is typically viewed as a 'pure' entity strictly involving hedonics (i.e. the pleasing sensory aspects of a feed). As such, palatability and physiological factors have been proposed as two separate causes governing diet selection in ruminants (Van Soest, 1994) . Our results indicate that these are not separate entities. Instead, palatability is best viewed as the interaction between taste and post-ingestive feedback, which depends on an animal's physiological condition relative to a feed's chemical characteristics (Provenza, 19963) . Accordingly, taste and post-ingestive feedback are integrated, sensed by an animal as a compound stimulus (Gibson & Booth, 1989) . Attempts to dissociate taste and feedback for single stimulus-response studies require careful experimental manipulations (e.g. Swithers & Hall, 1994) . This research was supported by grants from the Cooperative States Research Service and the Utah Agricultural Experiment Station. This paper is published with the approval of the Director, Utah Agricultural Experiment Station, Utah State University as Journal paper number 4759. The authors gratefully acknowledge Beatriz Rodriguez for help in data collection.
